Abstract. -Radiative transition probabilities have been calculated for the magnetic dipole (M l) and electric quadrupole (E2) transitions connecting the 63 metastable levels in the 3d64s, 3d7 and 3d54s2 configurations in Fe II. The most important configuration interaction (Cl) and relativistic effects have been taken into account in the computations carried out with the help of two independent computer programs, SUPERSTRUCTURE (SST) and RELATIVISTIC HARTREE-FOCK (HFR). The results obtained in the present work are compared with previous theoretical studies and with some astrophysical observations. The new data presented here are probably the most reliable to date. K e y words: atomic data -Fe II -transition probabilities
Introduction
Singly ionized iron is one of the most important atomic ions in astrophysics because of its high relative abun dance in many sources, its comparatively low ionization potential and the sheer density of its energy structure. Hence, the calculation of oscillator strengths for lines in Fe II is of considerable practical interest (see, for example, Viotti et al. 1988) . The most extensive studies were per formed by Kurucz (1981 Kurucz ( , 1990 , Fawcett (1987 Fawcett ( , 1988 and Nahar & Pradhan (1994) . Critical compilations of oscilla tor strengths for Fe II lines were published by Fuhr et al. (1988) and by Giridhar & Ferro (1995) . However, most of previous work concerns only allowed electric dipole (E1) radiation without consideration of forbidden transitions.
The present calculations were performed within the framework of the IRON Project (IP), an international col laboration whose aim is to produce accurate collisional and radiative atomic data for ions of astrophysical in terest, with a particular attention to members of the Fe group. The goals and methods of the Project are presented in Paper I of this series (Hummer et al. 1993) . A consid erable amount of IP work has already been devoted to Fe II: collision strengths and rate coefficients can be found in Paper VI (Zhang & Pradhan 1995) , E1 transition probaSend offprint requests to: P. Quinet * Table 4 is also available in electronic form from the CDS via anonymous ftp 130.79.128.5 or on www at http://cdsweb.ustrasbg.fr/abstract.html bilities are reported in Paper VII (Nahar 1995) while elec tron excitation rates and emissivity ratios for forbidden lines are presented in Paper XIII (Bautista & Pradhan 1996) .
Forbidden lines of Fe II were first identified by Merril (1928) in the spectrum of η Carinae and they have since been observed in many other astrophysical objects like novae, nebulae and peculiar stars. To mention but recent studies in which IP collisional atomic data were used, Bautista et al. (1994) , and have considered [Fe II] lines in the Orion Nebula and in Supernova 1987A.
In this context, it must be noted that a very limited number of transition probability calculations have been performed for [Fe II] lines. Smith & Wiese (1973) and Fuhr et al. (1988) have published compilations of forbid den lines in iron group elements. The transition proba bilities reported in these tabulations for [Fe II] lines are essentially taken from the extensive work of Garstang (1962) who used an intermediate coupling method. Ra diative data for a small number of forbidden lines in Fe II were also published by Nussbaumer & Swings (1970) , Johansson (1977) and Nussbaumer & Storey (1980) . How ever, CI effects were considered to a very limited ex tent in all these computations. More recently, Storey (1988) used a twelve-configuration basis set in the program SUPERSTRUCTURE (SST) of Eissner et al. (1974) as modified by Nussbaumer & Storey (1978) for calculating transition probabilities for forbidden lines connecting the lowest four terms of Fe II. The results of Garstang and Nussbaumer & Storey were used by Bautista and his colleagues in their work on the Orion Nebula and SN 1987A.
The aim of the present attempt is to describe Fe II with a more elaborate physical model in order to provide a firmer basis to astrophysical studies. Together, the three low even configurations 3d64s, 3d7 and 3d54s2 in Fe II have 63 metastable levels. In this paper, radiative transition probabilities for forbidden lines between these metastable levels are reported. The new data were calculated using the SST and RELATIVISTIC HARTREE-FOCK (HFR) codes. Indeed, it was felt that thorough comparisons be tween sets of radiative data obtained with two indepen dent methods would help to assess more clearly the re liability of the present transition probabilities. The most important Cl and relativistic effects were included in the calculations. This study can be seen as an extension of the recent investigations of forbidden transitions in iron group elements carried out in the cases of Fe III (Quinet 1996) , Ni I and Ni II .
Methods and physical models

SUPERSTRUCTURE (SST)
First, the calculations were performed using the SST code due to Eissner et al. (1974) as modified by Nussbaumer & Storey (1978) . In this formalism, the wavefunctions are expressed as linear combinations of the type where the basis functions Θ are constructed using oneelectron orbitals ψ calculated in a scaled Thomas-Fermi statistical model potential (Eissner & Nussbaumer 1969) .
The configurations selected for the present physical model were 3d64s, 3d7, 3d54s2, 3d64d, 3d54p , 3d54s4d, 3d65s, 3d65d, 3s3p63d74s and 3s3p63d8. The only terms retained in this calculation are those whose symmetry matches one of the spectroscopic symmetries.
In order to optimize the radial orbitals, each radial po tential was scaled using n -and l -dependent parameters λnl which were determined by minimizing the sum of the 24 lowest term energies of Fe II, i.e. all the terms which lie below the lowest level of odd parity. The resulting scaling parameters are: A1s = 1.43173, A2s = 1.13593, A2p = 1.07935, A3s = 1.06537, A3p = 1.05402, A3d = 1.06000, A4s = 1.06888, λ4p = 1.22203, λ4d = 1.46551, λ5s = 1.43837, λ5d = 2.26965.
Relativistic corrections such as the spin-orbit, the spinspin and the spin-other-orbit interactions, which are im portant for fine-structure splittings, were introduced in the framework of the Breit-Pauli approximation. The quality of the wavefunctions can be improved by means of semiempirical term energy corrections (TECs) following the procedure described by Zeippen et al. (1977) . In practice, the TEC for a given term is simply taken to be the differ ence between the measured and calculated energy of the lowest level in the multiplet. Experience has shown that this type of "fine-tuning" is both justified and efficient when the corrections are sufficiently small as compared to observed energies (see, for example, Biémont et al. 1992 Biémont et al. , 1994 .
The TECs used in the present calculations are reported in Table 1 together with the calculated fine-structure split tings (FS). Observed energies taken from the compilation of Sugar & Corliss (1985) are also given for comparison. It appears that most of the TECs are small (5-15%) as com pared to the observed energies, that is taking into account the complexity of the ion treated here. One can see also that the fine-structure splittings are in very good agree ment with experiment for all multiplets, which gives some confidence in the quality of the present wavefunctions.
Finally, it is important to note that the radiative tran sition probabilities were calculated with experimental level energies.
Relativistic Hartree-Fock (HFR)
An independent set of calculations was carried out with the relativistic Hartree-Fock method (HFR) originally in troduced by Cowan & Griffin (1976) . The computer codes written by Cowan (1981) were used. The same set of con figurations selected for the SST calculations was chosen for this part of the work. In order to reduce as much as possible the discrepancies between computed and ob served energy levels, the average energies (Eav), the single configuration direct (F k) and exchange (Gk ) Coulomb in teraction integrals and the effective interaction parameters (α β, T) associated with the 3d64s, 3d7 and 3d54s2 config urations were adjusted using a least-squares optimization program. The energy level data required for the fitting procedure were taken from the compilation of Sugar & Corliss (1985) .
The HFR values for the F k and Gk electrostatic pa rameters within other configurations than those included in the fitting procedure and for the Cl integrals, Rk, were reduced by 20% as recommended by Cowan (1994) to simulate Cl effects while the ab initio values of all the spin-orbit parameters, ϛ, computed by the Blume-Watson method, were used without scaling.
The radial parameters adopted in the present work for the 3d64s, 3d7 and 3d54s2 configurations are reported in Table 2 while our calculated energy levels are compared with experiment in Table 3 . In all cases, the agreement between observed and computed values is very good. The standard deviation of the fit is defined by Cowan (1981) a Sugar & Corliss (1985) .
as
where Nk is the number of levels involved in the fit, Np is the number of parameters, Ek is a computed eigenvalue and Tk the corresponding observed energy level. In the present work (100 levels, 19 fitted parameters), we found s = 72 cm-1. 
Results and discussion
The transition probabilities, Aki, were calculated for Ml and E2 lines connecting the 63 metastable levels of the 3d64s, 3d7 and 3d54s2 configurations in Fe II. The SST and HFR probabilities obtained in the present work are compared in Table 4 . If the two types of radiation con tribute significantly to the total intensity of a line, the sum of both components is given. The exclusion criterion of one particular type of radiation for a given transition is that the corresponding A-value should be less than 1% of the sum of M l and E2 contributions. Owing to the ex tensive nature of the results, only transitions for which Aki is greater than 0.001 s-1 are reported in the table.
For some of the transitions reported in the present paper, the cancellation factor (CF) as defined by Cowan (1970) is very small (typically CF ≤ 0.01) indicating that the corresponding HFR probabilities must be considered with some care.
It can be seen from Table 4 that there is general agree ment between our SST and HFR transition probabilities. In particular, for the strongest lines (Aki ≥ 0.01 s_1), both sets of results are in very good agreement (within 15%) if we except the a6D7/2-a 2D5/2, a4F7/2,9/2-b 2Hn /2, a4F5/2_b2H9/2, a4F5/2-a2F7/2, a4F3/2-a2F5/2, a4F3/2 -b2D3/2, a4P3/2_a2S1/2, a4P3/2-c2D3/2,5/2 and a2D5/2 -b2F7/2 transitions for which the discrepancies reach 20, 27, 28, 37, 32, 30, 32, 22, 28, 28 and 22% respectively. Ex ceptions occur also for a4D7/2 -b2F7/2 and a4P5/2 -c2D5/2 where cancellation effects are present in the HFR calcula tions and where consequently the SST results are proba bly more reliable. For weaker lines, our SST and HFR Avalues generally agree to within 15-40% except for some very weak transitions and again for some transitions af fected by cancellation effects.
The transition probabilities published for [Fe II] lines by Garstang (1962) , Nussbaumer & Swings (1970) , Johansson (1977) and Nussbaumer & Storey (1980) were obtained with the help of configuration basis sets includ ing only the 3d64s, 3d7 and, occasionally, 3d54s2 config urations. In general, for the magnetic dipole transitions within a configuration, the results obtained by Garstang agree well with the SST and HFR transition probabili ties reported in the present work. For the E2 contribu tions and for the M l transitions arising through Cl ef fects, large discrepancies are observed for a number of lines and they can reach a factor of two in many cases. However, these transitions are very sensitive to corre lation effects and our results were obtained with more Cl effects taken into account than in Garstang's calcu lations. Therefore, our data are expected to be more ac curate. More significant is the comparison between the more extended computations of Nussbaumer & Storey (1988) and the present work. Table 5 shows such a com parison for the forbidden lines involving the levels of the four terms 3d64s a6D, 3d7 a4F, 3d64s a4D and 3d7 a4P. Nussbaumer & Storey also used the SST code but with only a twelve-configuration basis set. They obtained the potential scaling parameters by minimizing the sum of the energies of the lowest four terms. The agreement between the three sets of results in Table 5 is excellent (within a few percent) for the a6D-a6D, a4F-a4F and a4D-a4D transitions. Good agreement (within 10-30%) is also ob served for the a6D-a4F, a6D-a4D, a4F-a4D, a4F-a4P and a4D-a4P transitions if we except some very weak lines (Aki ≤ 0.0001 s_1). For the a6D-a4P transitions, both our SST and HFR values are systematically larger by about a factor of two than the transition probabilities reported by Nussbaumer & Storey (1988) . For this multiplet, mag netic dipole transitions arise through a combination of Cl and spin-orbit interaction and are therefore particularly sensitive to the choice of eigenfunctions. More precisely, 3d64s a6D is connected to 3d64s b4P by spin-orbit inter action while 3d7 a4P and 3d64s b4P are connected by CI The magnitudes of the coefficients due to spin-orbit and Cl depend on the a6D-b4P and a4P-b4P term separa tions. These term separations calculated in our work us ing two methods, SST (21020 and 7826 cm-1) and HFR (21105 and 7886 cm-1), are in very good agreement with the observations (21005 and 7809 cm-1) while the values obtained by Nussbaumer & Storey (1988) , i.e. 27122 and 13158 cm-1, are too large.
Preliminary values of HFR transition probabilities for some forbidden lines in Fe II have already been published . These A-coefficients differ slightly from the present HFR results due to the fact that the set of configurations included explicitly in the model has been extended in the present calculation.
Some limited comparisons between our calculated transition probabilities and astrophysical observations can be made. For example, intensity ratios for some [Fe II] lines have been measured in supernova remnants by Dennefeld (1982 Dennefeld ( , 1986 , in two LMC supernova rem nants by Oliva (1987) and in the Orion Nebula by Bautista et al. (1994) . The ratios of intensities deduced from the transition probabilities calculated in the present work, R1 = I( a4F9/2-a4P5/2)/ /( a4F7/2-a4P5/2) = 4.47 (SST) and 4.55 (HFR) and R2 = /(a4F7/2-a 4P3/2)/ 7(a4F5/2-a4P3/2) = 1.78 (SST) and 1.81 (HFR) are in good agreement with the observations of Dennefeld (1982) for the Kepler supernova remnant (R1 = 4.1 and R2 = 2.3 respectively) while larger discrepancies are observed when comparing our results with the measurements of Dennefeld (1986) in four other remnants in the galaxy and in the LMC (R\ = 3.6 and R2 = 0.8). For these ra tios, the results of Nussbaumer & Storey (1988) are R1 = 4.40 and R2 = 1.82 in very good agreement with our val ues. The ratio of the intensities deduced from the observa tions of Oliva (1987) in two LMC supernova remnants is R = I (a4F9/2-a4D7/2)//(a6D9/2-a4D7/2) = 0.77. Our SST and HFR results (R = 0.96 and 0.84 respectively) as well as Nussbaumer & Storey's estimate (R = 0.74) are in nice agreement with the observation. Good agreement (within the experimental errors) is also observed when comparing our values with the intensity ratios within the a6D-a4D, a4F-a4G and a4F-a4H multiplets deduced from the re cent observations in the Orion Nebula by Bautista et al. (1994) while larger discrepancies are observed within the a4F-a4H and a4F-a4P multiplets.
In view of this discussion and also from previous ex perience, it is our opinion that the present SST results should be recommended to the user, pending even more elaborate computations which will become possible with the future evolution of codes and computers.
Conclusion
Using a rather sophisticated physical model and two inde pendent computer codes, radiative transition probabilities have been estimated for all forbidden lines connecting 63 low-lying even-parity levels in Fe II. The analysis of the present data shows that their accuracy should be satis factory. Thus a more extended and reliable physical basis has been provided for astrophysical studies where Fe II plays an important rôle. Of course, the quality of our re sults is likely to increase with even better optimization of the codes and mainly with further developments of mod ern computers. At this stage however the new SST data presented in this paper are probably the best available.
Note added in proof:
The effect of some configurations not included explicitly in our physical models due to computer memory limitations was estimated in separate ab initio HFR calculations. More precisely, the configu rations 3d54d2 and 3d54f2 were investigated separately. By comparing a three-configuration calculation (including 3d64s, 3d7 and 3d54s2) with a four-configuration calcula tion (adding 3d54d2), the effect of the latter configuration on A-values was estimated for the transitions reported in Table 4 . In general, both calculations agree within a few percent if we except some transitions affected by can cellation effects and the a4F-a4P, a4F-a2P, a2D-a2S, b4P-b2P, b4P-b4D, b4P -c2D, b2P -b4D, b2P -a2S Ml transitions and a4P-b4D, a2G-a2F, a2G-b2G, a2G-a2I, a2D -b 2D and a2D-a2S E2 transitions for which the Avalues were about 25-30% larger when calculated with the four-configuration expansion. Exceptions occur also for the a4F-a4D and a2P -b 2P E2 lines for which the tran sition probabilities were reduced by 30% when adding the 3d54d2 configuration. The inclusion of 3d54f2 was found to affect the A-values for all the transitions by less than 1 %. a Sugar & Corliss (1985) . b Δ E = Eobs -E calc. 
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